ABSTRACT: In the early 1990s it was hypothesized that the global warming process would produce an increase in sea-land temperature gradients and, subsequently, enhance the wind patterns responsible for coastal upwelling. Hence, an increase in the intensity of coastal upwelling was expected in the main upwelling ecosystems around the world. However, recently published analyses of the evolution of coastal upwelling processes have shown contradictory evidence. For this reason, time series of sea-surface temperature (SST) and the upwelling index I w extracted from the NCEP/NCAR reanalysis project database and covering the last 6 decades were studied. The time series analyses focused on the northern part of the Canary Current System and included comparisons with upwelling systems off NW Africa, California, Benguela and Peru. Climatic indices, including the Atlantic Multidecadal Oscillation, Eastern Atlantic Pattern, Interdecadal Pacific Oscillation Index and North Atlantic Oscillation, were investigated to explain the variability found in the NCEP/NCAR time series. A general sea-surface warming and weakening of the upwelling intensity in the Iberian/ Canary and NW African regions were found and these have intensified in the last 4 decades. These trends were clearly observed in winter and autumn for both regions, and a weakening in the upwelling intensity was also detected in summer in the NW African region. The North Atlantic Oscillation and the Eastern Atlantic Pattern indices correlated with both SST and I w , particularly in winter and spring, and also with both the Iberian/ Canary and NW African regions. No clear trend was found for the California region, while, conforming to the hypothesis, the Benguela region exhibited enhancement of upwelling, but only slight sea-surface warming. In contrast, the Peru region indicated a weakening of upwelling accompanied by marginal sea-surface warming.
INTRODUCTION
Coastal upwelling develops on the eastern margins of subtropical gyres in the Atlantic and the Pacific Oceans when predominant, along-shore winds drive the surface Ekman transport offshore. The surface water from the coast has to be supplied from below, and, thus, cooler, nutrient-rich water ascends into the coastal photic layer along a narrow region close to the coast (Wooster et al. 1976 , Tomczak & Godfrey 2003 , Arístegui et al. 2009 ). The stimulation of high phytoplankton production, the base of the food chain, by these nutrient pulses renders coastal upwelling ecosystems the most productive large marine ecosystems in the world's oceans. In fact, coastal upwelling, despite constituting <1% of the world's oceans by area, ac counts for ~20% of the global fish catch (Pauly & Christensen 1995) . Furthermore, coastal up welling systems are also important in terms of atmosphere− ocean CO 2 exchange, carbon recycling and export offshore. The 4 large eastern boundary upwelling ecosystems (EBUEs) are those associated with the Canary, California, Humboldt and Benguela Currents (Chavez & Messié 2009 ).
Any change in the wind pattern can modify the intensity of upwelling over different time scales. These changes have a strong influence on the biogeochemistry, productivity and fish populations of these ecosystems and, therefore, have serious socio-economic consequences for the region (Bakun 1990 , Di Lorenzo et al. 2005 , Lemos & Sansó 2006 , Barth et al. 2007 , McGregor et al. 2007 , Gómez-Gesteira et al. 2008a , Belkin 2009 , Pérez et al. 2010 .
The response of the EBUEs and the associated impact under a global climate change scenario have motivated numerous studies over different time periods. These recent analyses covering different aspects of the variability in EBUEs with respect to global climate change are very controversial. In general terms, Bakun (1990) argued that an increase in global temperature would cause an enhancement of coastal up welling. The same author found the expected long-term intensification of upwelling-favourable winds over the west coast of the Iberian Peninsula (Canary Current System) from 1948 to 1979 . McGregor et al. (2007 supported Bakun's scheme from measures of alkenone contents in calcifier organisms in sediment cores at Cape Ghir (Canary Current System). Using alkenones as a proxy for sea-surface temperature (SST), they obtained a cooling of 0.5°C during the 20th century, which was associated with an increase of the coastal upwelling. Nevertheless, Lemos & Pires (2004) and Lemos & Sansó (2006) found opposite results in the same EBUE and during similar periods of time, namely, 1940− 2000 and 1901− 2000 , respectively. They ob served that a significant weakening of the upwelling-favourable winds characterized Iberian upwelling, together with long-term warming in coastal waters. Pérez et al. (2010) reported that the upwelling index for the west coast of the Iberian Peninsula decreased from 1967 to Gómez-Gesteira et al. (2008a) noted a long-term decrease in the upwelling intensity, with a quasi-bidecadal oscillation between the latitudes of 18.5 and 36.5°N (Canary Current System).
In addition to the Canary Current System, other wellstudied EBUEs, such as the California Current System, showed contradictory results in relation to the longterm variability in coastal upwelling. Schwing & Mendels sohn (1997) , Schwing et al. (1998) and Mendels sohn & Schwing (2002) used state-space models to separate seasonal signals in the dataset from long-term trends. They found that, for some locations in the California Current System (32− 40°N), the increase of coastal upwelling in the favoured season could be linked to the opposite trends in the long-term changes of SST, supporting the arguments of Bakun. Nevertheless, for locations north of 40°N, the winds favourable to upwelling weaken and coastal waters warm up, and, south of 30°N, the reinforcement of winds is not reflected in the coastal SST. Di Lorenzo et al. (2005) also highlighted the strengthening of upwelling-favourable winds in conjunction with a long-term warming trend in the SSTs of the California Current System based on observational data and model experiments. However, their model results pointed to a net reduction in the upwelling of subsurface waters to the sea surface. On the contrary, Barth et al. (2007) showed biochemical anomalies in the year 2005 associated with delayed and stronger seasonal upwelling; this is consistent with the hypothesis that global warming is a driver of stronger upwelling (Bakun 1990) . These disagreements, which could arise from an error in data management (Lemos & Sansó 2006 , Bakun et al. 2009 ), provoked further studies, approaching the issue with both broad and detailed analyses (Arístegui et al. 2009 , Chavez & Messié 2009 , Pérez et al. 2010 . In any case, regional and global changes in EBUEs still present important challenges.
In the present paper, we summarize the temporal trends in SSTs and the upwelling index (I w ; Bakun 1973) and the relation between them in the Iberian/ Canary region (northern part of the Canary Current System) during the last 6 decades from the NCEP/ NCAR reanalysis project (Kalnay et al. 1996) . Analysis of the coupling between long-term warming trends and fluctuations in upwelling intensity was extended to the southern part of the Canary Current System and to 3 other large EBUEs, in order to identify any general pattern on both spatial and temporal scales. The changes in the major modes of climate variability explaining the overall meteorological situation in the different EBUEs were compared with the observed changes in SST and I w .
DATA AND METHODS

Study regions and EBUEs
The analyses of large-scale temporal variability in SSTs and I w in coastal upwelling are focused on the northern part of the Canary Current System. The upwelling region associated with the Canary Current System (12− 43°N) is dynamically complex, and it can be divided into sub-regions according to its circulation, physical environment and shelf dynamics (Arístegui et al. 2009 ). In general, it can be separated into 2 distinct areas: the Iberian coast and the Northwest African coast (Arístegui et al. 2004) . The Gulf of Cádiz, entrance to the Mediterranean, weakens the connectivity between these coasts. The presence of the Canary Archipelago, close to the NW African coast affects the main flow of the Canary Current and introduces mesoscale variability (Arístegui et al. 1994 , Barton 1998 . Thus, the region covering the Iberian coast to the Canary Archipelago was selected for the present study (Iberian/ Canary region, 26° to 43°N) to deal in depth with the contradictory evidence on long-term coastal upwelling trends (Bakun 1990 , McGregor et al. 2007 , Gómez-Gesteira et al. 2008b , Pérez et al. 2010 ). The subject is investigated through a detailed intra-regional analysis of the longterm changes observed within the Iberian/ Canary region. Subsequently, the analyses are extended southward along the NW African coast (NW African region, 10.5° to 23.8°N). In order to obtain an overall picture of the long-term changes in the largest EBUEs, those associated with the Benguela Current System in the South Atlantic (Benguela region, 16.2° to 29.5°S), the Cali fornia Current System (California region, 33.3° to 44.8°N) and the Humboldt Current System (Peru region, 4.8° to 16.2°S) in the Pacific are included in the analysis as well.
Data set and methods
SST and the components of wind velocity at 10 m above the sea surface were taken from the NCEP/ NCAR reanalysis project (hereafter, NCEP; Kalnay et al. 1996) . The NCEP data were obtained from the website of the NOAA-CIRES Climate Diagnostics Center, Boulder, CO, USA (www. cdc. noaa. gov/). These NCEP variables are supplied on a T62 Gaussian grid, corresponding to ~1.9° in both latitude and longitude (192 longitude × 94 latitude equally spaced grid points). These data cover the time period from 1948 until present, although there are concerns regarding the quality of the reanalysis in the pre-satellite period (Kalnay et al. 1996 , Hines et al. 2000 . Fields consist of instantaneous values at the end of the 6 h period, comprising a total of 90 508 outputs for our dataset from 1948 until the end of 2009. The NCEP data result from a hindcast, using observations from a number of sources and a frozen data assimilation system. The co-location of the 6 h NCEP fields of SST and meridional and zonal wind velocity in the 5 separated regions (Fig. 1) were carried out directly at the grid nodes of the NCEP sigma coordinate system without any spatial interpolation. The grid nodes were those selected as the closest to the coastline, delimited by the land NCEP mask. Between 6 and 8 grid nodes were selected for each region. Their locations and some I w and SST statistics are given in Table 1 and Fig. 1. 
Estimates of Ekman transport
Wind-driven coastal upwelling is caused by the along-shore component of wind stress (τ y ), which generates both offshore (upwelling) and onshore (downwelling) Ekman transport (I w ) at the coast. I w can be estimated by Bakun's (1973) method:
( 1) where ρ air is the density of air (1.22 kg m −3 at 15°C), C D is an empirical dimensionless drag coefficient (C D = 0.0014), ƒ is the Coriolis parameter [ƒ = 7.27 10 −5 sin(latitude)], ρ sw is the density of seawater (~1025 kg m −3 ), ⏐V⏐ is the 6 h wind modulus and V y is the wind component parallel to the coastline at each point along the coast (Table 1) . Before estimating I w , the components of wind velocity were rotated clockwise into a new coordinate system with the y-axis aligned with the coastline (Table 1 ). The I w estimates from Eq. (1) showing positive (negative) values of I w at each point correspond to coastal upwelling (downwelling) conditions.
A least-squares method was used to fit both SST and I w to 52 harmonics algorithms describing the annual cycle (Eq. 2) in order to get the deseasonalized time series ( dss SST and dss I w , respectively). The choice of 52 harmonics was made in an attempt to include all the frequencies from monthly to weekly, but, actually, only the first 6 harmonics are significant. 
RESULTS AND DISCUSSION
Seasonal cycles
The mean seasonal variability in both SST and I w (for 6 h and monthly mean time series) are summarized in Fig. 1 The Iberian/ Canary region is characterized by large seasonal variability, with a positive trend southward in mean SST and I w (Fig. 1 ). Both sc SST and sc I w have nearly coincident maxima and minima, leading to a positive correlation between them (Fig. 1) . The amplitude of sc SST tends to decrease southward, whereas no clear trend is observed for sc I w . The seasonal cycle (Table 1 ) explains a high portion of the variability in SST (88 to 94%), but very little of that in I w (5 to 17%). The re maining variability in SST ( dss SST in 6 h SST, Table 1 ) is quite similar in all zones. The monthly averaged data give analogous results. Very low latitudinal variation is observed in dss SST, the percentage of variance retained at an interannual scale is be tween 5.5 and 11%. (Table 1) is very high (79 to 95%), and the variability found in the interannual scale range is slightly larger (0.5° to 0.8°C).
sc I w retains an increasing percentage of variability towards the equator, reaching 42% at 12.4°N. In fact, Mdss I w retains the lowest percentage of variance (12%) in the southern part of the region, whereas, in the northern part, these percentages are more similar to those of the Iberian/ Canary region.
The California region shows (Fig. 1) . Both explain much of the SST variability, and the sc SST for the Peru region has a range 25% higher than those of other regions (Table 1 ). The sc I w values in both regions are very low. The percentage of variance retained in sc I w in the Peru region ranges between 1 and 3%. For the Benguela region, the percentages are, in general, lower than those of the Iberian/ Canary region except for 3 zones, which also show a clear seasonality in I w (%var SC > 15%), 2 of them are located at the southern limit. The maximum I w in the Benguela region occurs in austral spring, when SSTs are relatively low (Fig. 1) . On the basis of M SST and M I w , the variability in the Benguela region is quite similar to that in the Iberian/ Canary region, whereas the Peru region shows a very high interannual variability. The variability retained in the , respectively; Table 1 ) are of the same order as those of the Iberian/ Canary region, but a positive trend is recorded towards the equator. In the Peru region, the percentages of variance in Mdss SST and Mdss I w (13 to 31% and 65 to 97%, re spectively) are noticeably higher than those of the other EBUEs, suggesting that long-term dynamic processes affect both variables dramatically (Mendelssohn & Schwing 2002) .
Interannual variability
Table A1 in the Appendix shows the long-term variations in SST and I w [Γ(SST) and Γ(I w ), respectively], the correlation between the deseasonalized series (δ dss I w / δ dss SST) and the corresponding p-values. In addition to the original dataset, the statistical results for the longterm variability in the L4D are also given.
The I w estimations using the NCEP outcomes from 1948 to 2009 show a long-term decrease in upwelling intensity in the Iberian/ Canary region (Table A1) ) is at 39.0°N. In general, the observed trends in dss I w for the whole period are intensified for all zones when only the analysis of the L4D period is considered. As a result, the Γ(I w ) values for some zones are contrary to the upwelling decrease observed for the whole period, showing a significant intensification of upwelling (see the 2 southernmost latitudes, Table A1 ). These analyses agree with the earlier study of Lemos & Sansó (2006) , who also detected this interannual weakening of I w for the region be tween the latitudes of 36 and 44°N and for the period 1970− 2000. The minimum value of Γ(I w ) for the L4D period (− 37 ± 3 m 3 s −1 km
) is located at 42.9°N. This value is similar to the long-term I w decrease reported by Pérez et al. (2010) , who found a value of − 44 ± 14 m 3 s −1 km −1 decade −1 for the trend from 1965 to 2007 at 43°N, 11°W (off the Galician coast) and using 6 h sea-level pressure maps. The upwelling reduction northwest of the Iberian Peninsula was associated with a relaxation of the zonal atmospheric pressure gradient in the Bay of Biscay ( Fig. 1 in Pérez et al. 2010) . This relaxation at interannual scales would explain the northward decrease of the coastal upwelling intensity in the Iberian/ Canary region found for the L4D period.
In parallel to the weakening of coastal upwelling, every zone in the Iberian/ Canary region shows a statistically significant warming trend at an interannual scale. As was observed for the I w decrease, an intensification of Γ(SST) is greater for the L4D period than the value computed for the whole period (Table A1) . Lemos & Sansó (2006) The interannual variability in I w and SST confirm the decrease of the upwelling intensity under a warming scenario in most of the northern regions of the Canary Current System during the last 60 yr (Lemos & Pires 2004 , Lemos & Sansó 2006 , Pérez et al. 2010 . Nevertheless, the statistically significant exceptions to this general trend that reached an upwelling intensification of 16 ± 3 m 3 s −1 km −1 decade −1 (27.6°N; Table A1 ) are found south of Cape Ghir (~31°N). In contrast to these results, Bakun (1990) found I w values strengthening at these latitudes, deduced from the along-shore geostrophic wind, as did McGregor et al. (2007) , but from alkenone SST reconstructions. . These positive values are probably due to a coinciding period of prevailing upwelling-favourable winds between April and September and the warmest season (Fig. 1) . On the other hand, the δ dss I w /δ dss SST ratios are negative throughout the whole region, with very similar values, with the most and least negative ratios located at 31.4°N and 29.5°N, respectively (Table A1 ). When these ratios are computed from Mdss SST and Mdss I w , the results obtained are very similar, which supports the conclusion that interannual dynamic processes exist behind this pattern. The highest and lowest values of δ dss I w /δ dss SST found in the vicinity of Cape Ghir could be a cause of the quasi-persistent filament that characterizes this zone (Hagen et al. 1996 , Barton 1998 .
The analyses of SST and I w were extended throughout the NW African region (Fig. 1) , in order to investigate latitudinal variability. The Γ(SST) values during the whole period retain the warming trend previously observed in the Iberian/ Canary region without exception (Table A1 ). The Γ(SST) is characterized by a slightly southward increase that ranged between a minimum of 0.021 ± 0.001°C decade −1 at 23.8°N and a maximum in interannual warming of 0.176 ± 0.001°C decade −1 at 12.4°N. The Γ(SST) for the L4D period shows stronger warming rates than for the whole period, ranging from 0.16 to 0.36°C decade , was observed at 20°N, where the correlation coefficient also reached a maximum value (r = 0.46). In general terms, a warming trend in the NW African region was also found in parallel to the weakening of coastal upwelling, with only 1 exception for the whole period: Γ(I w ) = 11 ± 2 m 3 s −1 km −1 decade −1 at 23.8°N. As a potential response to this upwelling intensification, Gregg et al. (2005) found the only chlorophyll a increase at this latitudinal range in the NW African Upwelling System. In contrast, the intensified weakening of I w for both the whole and L4D periods are located in the central regions, in front of the embayment between Cape Blanc (~20.1°N) and Cape Verde (~16.0°N), with minimum Γ(I w ) values at 18.1°N of −64 ± 2 and −62 ± 3 m 3 s −1 km −1 decade −1 for the whole and L4D periods, respectively.
The δI w /δSST (not shown) showed negative values (from − 43 ± 2 to − 266 ± 1 m 3 s −1 km
) throughout all of the NW African region; this corresponds with the fact that the warm season is the less favourable upwelling season (Fig. 1) . The values of δ dss I w /δ dss SST for the whole-period dataset are also negative throughout the region, with no clear spatial distribution (Table A1) . The values of δ dss I w /δ dss SST using the L4D-period dataset are also negative and very similar to the former.
The results obtained in the Iberian/ Canary region can be compared with those of the California region (33.3° to 44.8°N; Fig. 1 ) in order to determine how specific the characteristics are. The study of Γ(I w ) in the California region for the whole period (Table A1) shows statistically significant values primarily in the southern zones, where the intensification of upwelling is indicated. This is in contrast to the significant weakening of coastal upwelling found in the Iberian/ Canary region. The estimations of Γ(I w ) for the L4D period are significant, mainly in the southern zones, and show different trends. The intensification of I w persists only at 35.2°N, with values of 18 ± 1 and 12 ± 2 m 3 km −1 s −1 decade −1 in both the whole and L4D periods. Γ(SST) values also show a slight, regular cooling in the northern and central zones, with a slight warming towards the south for the whole period, in comparison to the estimated general warming in the Iberian/ Canary region. This cooling reached a value of − 0.10°C decade −1 at 39°N, with a notable regression coefficient of 0.23. The Γ(SST) estimated for the L4D period also repeated the low-value trends, with no clear latitudinal pattern. In this sense, it is notable that the observed SST warming at 35.2°N (cooling at 39.0°N) coincides with a significant I w enhancement (weakening) following Ba kun's scheme and in contrast to what can be seen in the Iberian/ Canary region. Schwing & Mendelssohn (1997) , Schwing et al. (1998) and Mendelssohn & Schwing (2002) , using state-space models, observed a re inforcement of coastal upwelling together with a long-term warming trend in some locations (32° to 40°N). Snyder et al. (2003) corroborated these earlier results, using a regional climate model, despite the lack of a coupled dynamic ocean model to quantify impacts over a range of oceanographic processes. In any case, the regional and overall analyses of the California region (Bakun 1990 , Chavez & Messié 2009 ) indicated a reinforcement of coastal upwelling, while the NCEP dataset used here indicated a predominantly weak cooling and no clear I w trend.
δI w /δSST (not shown) in the California region repeat the southward decrease, showing clear seasonal I w changes in relation to latitude (Fig. 1) (Table A1) . The values of the ratio for the L4D period dataset in the Cali fornia region are very similar to those obtained for the whole-period dataset.
In relation to the Benguela region, the significant Γ(I w ) for the whole period shows an intensification of upwelling in the central zones of the region together with a weakening towards the equator (Table A1) . Importantly, for the L4D period, a general enhancement of upwelling intensity is found, ranging from 28 ± 3 to 100 ± 4 m 3 km −1 s −1 decade −1 and with correlation coefficients higher than for the whole period. These observations were found coincident with a general warming [Γ(SST) > 0] for both the whole and L4D periods (except for the zone at 21.9°S in the whole period). Similar to what was observed in the Iberian/ Canary region, warming in the Benguela region has been more intense in the last few decades, reaching a maximum value of 0.237 ± 0.004°C decade −1 at 16.2°S. The δI w /δSST values (not shown) are clearly separated into 2 groups, one with negative values in the northern half of the region and another group with positive values in the southern half. This fact is due to the different regimes of sc I w , which, for the northern zones, has higher values of I w prior to the warm season and, for the southern zones, has values that are quite well coupled with sc SST. Similarly, the δ dss I w /δ dss SST distribution for the whole period also separated this region into 2 parts, with positive values northward of 23.8°S and negative ratios southwards, except for 2 zones with non-significant values (Table A1 ). The δ dss I w /δ dss SST values are also positive for the L4D period north of 23.8°N, with non-significant values south of this latitude. Besides this difference between north and south in the Benguela region, the general results obtained here seem to agree with Bakun's scheme of the en hancement of upwelling under a longterm warming scenario.
In the Peru region, Γ(I w ) primarily suggests a weakening of upwelling for both the whole and L4D periods. For the L4D period, a unique exception is the relatively important reinforcement of upwelling at the south limit. However, the Γ(SST) values computed for both periods show some differences, a general warming for the whole period and a general cooling for the L4D period north of 12.4°S, except in the 2 southern zones, which could be related to processes of interdecadal variability (Mendelssohn & Schwing 2002 , Chavez & Messié 2009 Up to this point, the results obtained in this analysis show important warming trends in the Iberian/ Canary region accompanied by a considerable weakening of upwelling. Both trends are similarly found, but to a greater degree, in the NW African region. For the California region, the slight cooling does not correlate with any clear trend in the intensity of the winds favourable to upwelling. In the southern hemisphere some similarities with respect to the Iberian/ Canary region can be found in the results for the Peru region, but with weak trends and only for the whole period. In the Benguela region, the general warming trend coincides with an enhancement in upwelling and not with the weakening found in the Iberian/ Canary region. Belkin (2009) With respect to the ratio between variables (δ dss I w / δ dss SST) some insight can be gained from the results. From a study focused on the Canary Current Upwelling Ecosystem (7° to 44°N), Wooster et al. (1976) found that the SST horizontal gradients (between coast and oce an) and the seasonal variability in I w were strongly related, the surface winds being the major driving force in coastal processes. These authors obtained values of δ ) for the Iberian/ Cana ry region, but less nega tive than those obtained from the anomalies described by Wooster et al. (1976) , and the same conclusions can be drawn for the NW African region. These results indicate that coastal up welling is not the main physical process to follow the interannual SST variability. Even though a decrease in the frequency of upwelling events can be deduced, other long-term processes related to the changes in atmospheric and oceanic large-scale circulation should be taken into account in order to understand the results described above. Belkin (2009) also pointed out a relation between the North Atlantic Oscillation Index and the variability in warming trends in the North Atlantic. Furthermore, Bakun's scheme is proposed primarily for upwelling-favourable seasons, and large-scale circulation patterns, related to the variability in climate indices, have no linear effects (Mathieu et al. 2004) . From these facts, it is very likely that these long-term changes can produce alterations in sc SST and sc I w , and so the observed long-term trend would be seasonally different. A statistical analysis of the seasonal vari ability in Γ(SST) and Γ(I w ) and their covariation with a selection of the most relevant climatic indices could be of great help in revealing some clues on the forcing underlying the interannual variability in I w .
Seasonal relations among I w , SST and climate indices
The interannual variability in Mdss I w and Mdss SST do not follow a homogenous distribution, either throughout the Iberian/ Canary and NW African regions or throughout the seasons (Fig. 2) . The latitudinal variability in 
Mdss
SST shows more spatial variability in both regions (Fig. 2a) . In the Iberian/ Canary region, the maximum is found in autumn and winter, with a value around ~0.67°C for both seasons, and is located at 37.1° and 39°N, respectively. In the rest of the regions, all seasons show similar variability, but, in general, minimum variability occurs in spring, with a standard deviation range of 0.45° to 0.52°C. In the NW African region (Fig. 2a) , maximum variability in ; Fig. 2c) , showing a high percentage (~10 to 22%; Fig. 2b ) of explained variance of Γ(SST) in autumn and winter in the central zones of the region. In summer and spring, the trends and percentages of ex plained variance are systematically lower. These trends are low at the limits of the region, with lower percentages of explained vari- Trends (g,h) and correlations between each other variable (i,j) are also shown for the California region ance (Fig. 2b) . The warming is intensified when using the L4D dataset (not shown), with values ranging from 0.15°to 0.4°C decade −1
. In addition, the difference in the values of Γ(SST) between seasons diminishes (Fig. 2c ). An almost constant warming (~0.2°C decade −1 ; Fig 2c) is found in the winter, south of 20°N (NW Africa), with high percentages of explained variance (Fig. 2b) . This pattern is very similar in autumn, but with lower trends than in winter. Between 23.8 and 20°N and in summer throughout the region, the warming is not as clear. In spring, the warming trend increases its values south of 14.3°N, achieving winter values at 12.4°N. Γ(I w ) in the Iberian/ Canary region shows clear negative values all year round, except in spring (Fig. 2d) . A weakening of the upwelling intensity achieves a strong minimum value of − 50 m 3 km −1 s −1 decade −1 in winter near Cape Ghir (31.4°N). In spring, a slight systematic reinforcement of the upwelling intensity for the whole period could suggest a possible explanation to the contradictory observations given by McGregor et al. (2007) using alkenone as a proxy for SST. Nevertheless, the reinforcement disappears when analyzing the L4D period (not shown). In the central zones of the NW African region (20° to 16.2°N), the weakening is very important, with a minimum value of ca. − 80 m 3 km −1 s −1 decade −1 at 18.1°N in winter and a high percentage of explained variance for all seasons (Fig. 2d) . North of 20°N, trends can be estimated with confidence, but not so south of 16.2°N. Comparing these results with those obtained for the other EBUE in the northern hemisphere, that is, for the California region, the opposite trends are observed. In the California region, a cooling trend in the central zones of the region (39 and 37.1°N) is found in autumn and winter, with a high percentage of explained variance and values around − 0.2°C decade −1 (Fig. 2g) . The reinforcement of upwelling-favourable winds is noticeable in the south of the region (35.2 and 33.3°N) in autumn and summer, with a maximum of ~40 m 3 km −1 s −1 decade −1 in summer at 35.2°N (Fig. 2h) . The weakening observed in spring throughout the region shows low values in the percentage of explained variance at 39°N.
High correlations of δ dss I w /δ dss SST in the Iberian/ Canary region are obtained in winter and autumn over almost the whole region (Fig. 2e,f ). δ dss I w /δ dss SST values are negative throughout the region, and the zone proximate to Cape Ghir (31.4°N) is where the sharpest slopes are found (Fig. 2e) . In this zone, the minimum value of δ ) in spring, though values are very similar for all seasons compared to those found in the rest of the region. In the NW African region, δ dss I w / δ dss SST is highly correlated in winter and spring, with a minimum value in the northern zones (23.8 and 21.9°N) in spring, similar to that found in the Iberian/ Canary region (Fig. 2e,f) .
These negative values at 31.4°N in the Iberian/ Canary region and north of the NW African region are very similar to the anomalies found by Wooster et al. (1976) , suggesting an important modulation of I w over SST. The values obtained for δ dss I w /δ dss SST in the California region have high correlations, mostly in spring and summer throughout the re gion and especially in the central zones (41° to 35.2°N) , which correspond to negative values (Fig. 2i,j) . The minimum value found in spring at 41°N (ca. −225 m 3 km −1 s −1°C−1 ; Fig. 2j ) is also of the order of those found by Wooster et al. (1976) , suggesting the importance of upwelling processes in spring. In summer, well-correlated negative values are obtained be tween 39 and 35.2°N and in autumn in the north of the region.
The variability in Mdss SST and Mdss I w can be related to some extent to the variability in climatic modes. Several climate indices were investigated, and the correlation with these variables for the Iberian/ Canary and NW African regions provided interesting results (Fig. 3) . The Atlantic Multidecadal Oscillation (AMO) 1 explains a high percentage of the variability in Mdss SST in the Iberian/ Canary region, mostly in the central zone (37.1°t o 37.4°N) in summer (Fig. 3a) . The determination coefficients show close values throughout the whole region and small seasonal differences. This pattern is also observed in the NW African region, with some small seasonal modulations (Fig. 3a) . Between 23.8 and 20°N the AMO had its main influence in the summer season, whereas, in the south (14.3° to 10.5°N), its effects also extended into the spring season. The AMO has no apparent effect over the variability in , because it is formed via the difference between pressure systems. The NAO shows high correlation with Mdss I w in the Iberian/ Canary region, mainly in spring and winter, and very low correlation in autumn and summer (Fig. 3b) , which is more evident in the southern half of the region (37.1° to 27.6°N). The influence of the NAO index on (Jones et al. 1997) 3 EA: second mode of SLP variation in the North Atlantic (Hurrell et al. 2003) ( Fig. 3c) , mainly in spring and winter, but with a lower percentage explained than with the AMO. In the NW African region, the EA plays a stronger role in winter and a minor role in spring, but mainly in the southern half of the zones (18.1− 10.5°N). The EA index presents a very high correlation with Mdss I w in the northern half of the Iberian/ Canary region (42.9° to 37.1°N), reaching r 2 = 0.43 at 42.9°N, and, again, spring and winter show the highest determination coefficients (Fig. 3c,d ). The correlation of EA with IPO: given by the Met Office's SST analysis and an almost independent night marine air temperature analysis (Parker et al. 2007) Canary region in spring (42.9° to 39°N) and less in the central zones in autumn (37.1 and 33.3°N) . High values of the determination coefficient were also obtained in autumn in the southern zones of the NW African region (14.3° to 10.5°N), achieving a maximum value of r 2 ≈ 0.22 at 12.4°N (Fig. 3e) . The percentage of variability in Mdss I w explained by the IPO in the Iberian/ Canary region is relatively high in the southern half of the region (33.3° to 27.6°N) in autumn, but with descending values southward (Fig. 3f) . The autumn season is also the one presenting the highest determination coefficients in the correlation with Mdss I w in the central and southern zones of the NW African region (20° to 18.1°N and 12.4° to 10.5°N, respectively).
A significant correlation was found between dss SST and dss I w , with values varying specifically according to the season and the geographical zone. This could be due to differences in the location of the grid nodes with respect to the spreading jets of coastal upwelling. The sub-and mesoscale variability within the upwelling systems produces filaments that extend 100s of kilometres offshore and which are associated with differences in shelf width and/or the presence of major capes. Despite these results, the long-term trends found in each region suggest that the climatic mode variability has a strong influence on the variability of coastal up welling and not only the increase of land− ocean pressure differences, as Bakun proposed. The influence of the NAO index is well documented, and the effect on upwelling systems in the East Atlantic has been pointed out by Belkin (2009) and Pérez et al. (2010) . In fact, the important correlations found here of Mdss SST and Mdss I w with the NAO and EA in the Iberian/ Canary and NW African regions sustain the noticeable weakening of upwelling-favourable winds for the L4D period.
SUMMARY AND CONCLUSIONS
A general weakening in upwelling intensity is shown in the Iberian/ Canary region that can be extended southward into the NW African region. In some zones, the general warming observed in the Iberian/ Canary region exceeds mean oceanic values (0.24°C decade 
